Species-specific variation in signal peptide design Implications for protein secretion in foreign hosts  by von Heijne, Gunnar & Abrahmsèn, Lars
Volume 244, number 2, 439-446 FEB 06856 February 1989 
Species-specific variation in signal peptide design 
Implications for protein secretion in foreign hosts 
Gunnar von Heijne* and Lars Abrahmstn 
*Department of Molecular Biology, Center for Biotechnology, Karolinska Institutet, Huddinge HospitabK87, S-141 86 
Huddinge and Department of Biochemistry, Royal Institute of Technology, S-100 44 Stockholm, Sweden 
Received 3January 1989 
Secretory signal peptides from individual prokaryotic and eukaryotic species have been analyzed, and the lengths and 
amino acid compositions of the positively charged amino-terminal region, the central hydrophobic region, and the 
carboxy-terminal cleavage-region have been compared. We find distinct differences between species in all three regions. 
Implications for protein secretion in foreign hosts are discussed. 
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1. INTRODUCTION 
The mechanism of protein secretion is highly 
conserved throughout the living world. In the great 
majority of cases, secretory proteins are made with 
an amino-terminal extension, a signal peptide, that 
targets the precursor to translocation sites on the 
appropriate membrane. During or shortly after 
translocation, the signal peptide is removed by a 
signal peptidase. 
Signal peptides from bacteria to plants and 
mammals share a common design [l]. The 
‘canonical’ signal peptide is characterized by a 
short, positively charged amino-terminal region (n- 
region) followed by a central hydrophobic region 
(h-region) and a more polar carboxy-terminal 
region that contains the cleavage site (c-region). 
The signal peptidase apparently recognizes a 
‘( - 3, - I)-pattern’ with small, uncharged residues 
in positions - 3 and - 1 relative to the cleavage site 
PI. 
Correspondence address: G. von Heijne, Department of 
Molecular Biology, Center for Biotechnology, Karolinska In- 
stitutet, Huddinge HospitaLK87, S-141 86 Huddinge, Sweden 
Despite these conserved features, previous com- 
parisons have shown that eukaryotic signal pep- 
tides differ in detail from prokaryotic ones [3], and 
that signal peptides from Gram-positive bacteria 
tend to be longer than those from Gram negative 
species [4]; also, signal peptides from one 
organism do not always function efficiently when 
expressed in foreign hosts [5,6]. With the much 
larger database now available, we have undertaken 
a thorough comparative study of signal peptides 
from different organisms in an attempt to define 
more precisely the species-specific variations in 
signal peptide design. 
2. METHODS 
All signal peptides were selected from the current version of 
the SIGPEP database [7], which holds a total of about 200 pro- 
karyotic and 900 eukaryotic sequences. Analysis of the h- and 
c-regions was carried out for signal peptides with known 
cleavage sites from E. coli (28 sequences), Buciflw (16 se- 
quences), Staphylococcus (6 sequences), Streptomyces (6 se- 
quences), Homo sapiens (147 sequences), and a collection of 
plant signal peptides (22 sequences). In the analysis of the n- 
regions, additional sequences where the signal peptidase 
cleavage site is not known were included (31 from E. coli, 13 
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Bacterial and yeast signal peptides analyzed in this paper 











































Exofoliative toxin A 
Streptococcus 
Scarlet fever toxin 
Protein G 
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Table 1 (continued) 
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Signal peptide Ref. 
SapA MKRSMQAVGATLTAVGAIGAGLLVTAPAAGAATAGAT:ASYNGVCGSG 69 
Streptavidin MRKIVVAAlAVSLTTVSITASASA:DPSKDSKAQV 70 
Agarase MVNRRDLIKWSAVALGAGAGLAGPAPAAHA:ADLEWEQYPV 71 
DD-peptidase MVSGTVGRGTALGAVLLALLAVPAQAGTAAA:ADLPAPDDTG 72 
a-Amylase MQQRSRVLGGTLAGIVAAAAA TVAPWPSQAzTPPGQKTVTA 73 
Cellulase MENPRTTPTPTPLRRRSERRARGGRVLTALTGVTLLAGLAGLAIAP~TGASPSPAPPASP 74 
EndoH MFTPVRRRVRTAALALSAAAALVLGSTAASGASATPSPAPA 75 
&Lactamase MHPSTSRPSRRTLLTATAGAALAAATLVPGTAHASSGGRGGL 76 
,&Galactosidase MPHSPVSPAESPAPQPGRPRPVVSRRRLLEGGAAVLGALADEPPEWNDF 77 
Protease A MTFKRFSPLSSTSRYARLLAVASGLVAAAALATPSAVAAPEAESKATV 78 
Protease B MRIKRTSNRSNAARRVRTTAVLAGLAAVAALAVPTANAETPRTFSANQ 78 

















Mating factor a-1 
PEP4 












Known signal peptidase I cleavage sites are indicated by : 
from Bacillus, 6 from Staphylococcus, 6 from Streptococcus, 7 
from Streptomyces, 12 from yeast, and 9 from plants). The se- 
quences from Gram-positive bacteria and from yeast are listed 
in table 1. Listings of the other samples can be obtained from 
G.v.H., who also distributes the SIGPEP database in Macin- 
tosh format. 
Statistical significance was assessed byX2 and two-sided t-test 
analysis. 
3. RESULTS 
Cumulative distributions of the overall lengths 
of the different signal peptide samples are 
presented in fig. 1. There is a clear gradation from 
the short Homo and plant sequences (mean length 
= 22.5 and 23.9 residues) and the E. co/i sequen- 
ces (mean length = 24.1) to the much longer signal 
peptides from Gram-positive bacteria (mean 
length = 29-31). The differences in mean length 
between these two groups are statistically signifi- 
cant 0, < 0.005 by two-sided t-test). 
3.1. The c-region 
Fig.2 shows plots of the incidence of 
hydrophobic (ACFILMV) and turn-promoting 
(DGNPS) [8] residues when the different samples 
are aligned with coincident cleavage sites. The 
mean c-region length, as read off from the figure, 
is five residues for the Homo and plant samples, 
six residues for the E. cob, and eight residues for 
the Bacillus samples. For Staphylococcus, Strep- 
tococcus, and Streptomyces, the number of signal 
peptides with known cleavage sites is too small to 
make reliable estimates of the c-region length. 
As for the cleavage site, the (- 3, - l)-rule is 
faithfully obeyed in all samples (not shown). 
3.2. The h-region 
We define the border between the n- and h- 
regions as being located immediately after the most 
C-terminal charged residue in the n-region. In 
some cases, this residue is followed by one or more 
uncharged but polar residues before the first 
strongly hydrophobic residue is encountered, but 
for simplicity we adhere to the above definition in 
these cases as well. In practice, this will not matter 
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for our qualitative conclusions and will have only 
a minor influence on the mean lengths and amino 
acid compositions calculated below. 
For the combined h- and c-regions, we find that 
the total mean lengths are 17.6 for Homo, 20.0 for 
the plant sample,> 18.2 for E. cob, 21.8 for 
Bacillus, 23.0 for Staphylococcus, and 24.5 for 
Streptomyces. Subtracting the c-region lengths 
found above, we thus calculate mean h-region 
lengths ranging from around 12 residues (Homo 
and E. co10 to 15 or more residues for the Gram- 
positive signal peptides. In terms of overall amino 
acid composition, the eukaryotic h-regions are 
relatively rich in Leu (40010) and contain less Ala 
(10%); h-regions from E. coli and all the Gram- 
positive bacteria contain 25-35% Leu and 10% 
(Bacillus, Staphylococcus) or 30% (E. coli, Strep- 
Fig. 1. Cumulative distributions of the overall lengths of signal 
peptides with known cleavage sites from different species 
[Homo (01, plants (m), Bucil~us (A), Staphylococcus (A), 














Fig.2. Distribution of hydrophobic [Ala + Cys + Phe + Ile + Leu + Met + Val (0)] and turn-promoting [Asp + Gly + Asn + Pro + 
Ser (m)] residues relative to the signal peptidase I cleavage site (between position - 1 and + 1) for different species [(A) E. co/i, (B) 
Bacillus, (C) Homo, (D) plants]. 
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3.3. The n-region 
The length and net charge distributions for the 
n-region follow similar trends, with the Homo, 
yeast, and plant samples being shortest (mean 
length 4-5 residues) and carrying the smallest net 
charge (mean net charge around + 0.8, not count- 
ing the amino group on the initiator Met), the E. 
coli sample being intermediate (5.5 residues, 
+2.0), and the Bacillus and Staphylococcus 
samples being longer (7-8 residues) and more 
highly charged (+ 3.0 and + 2.8). The n-regions 
from Streptococcus and Streptomyces are par- 
ticularly long (12 residues) and have mean net 
charges of + 4.3 and + 3.5, respectively. 
In terms of overall amino acid composition, the 
n-regions from Streptomyces tand out from the 
other samples by virtue of their very high Arg 
(30%) and low Lys (3070) content. The other 
bacterial samples have around 10% Arg and 35% 
Lys in this region. 
4. DISCUSSION 
As demonstrated above, there are indeed clear- 
cut differences between signal peptides from 
various species. In particular, eukaryotic signal 
peptides tend to have shorter n-, h- and c-regions 
than bacterial signal peptides, and among the lat- 
ter, those from Gram-positive bacteria generally 
have longer n-, h- and c-regions than those from 
the Gram-negative E. cofi. The net charge of the n- 
region is higher for the Gram-positive signal 
peptides. 
Differences in the c-region may well be related to 
slightly different signal peptidase specificities in 
the different species. It is less obvious what may 
cause the differences in the n- and h-regions. A 
simple explanation would be that differences in the 
lipid composition of membranes play a role [9]. 
Thus, E. coli membranes contain more of the zwit- 
terionic phosphatidylethanolamine and less of the 
negatively charged cardiolipin than, for example, 
Bacillus and Streptomyces [ 10,111. 
Eukaryotic signal peptides have more hydropho- 
bic h-regions than those of bacteria (more Leu and 
less Ala). The n-regions of the eukaryotic sequen- 
ces contain less Lys (lo-20% vs 30%) but approx- 
imately the same percentage of Arg (10%) as the 
prokaryotic ones. 
Signal peptides from the Gram-positive Strep- 
tomyces are distinct from all other signal peptides 
in that their n-regions are much longer and contain 
much Arg (-30%) but almost no Lys (3%) 
residues @ < 10m4). It is likely that these 
peculiarities result, at least in part, from the high 
G+C content of these bacteria (-70-75%) and 
the fact that lysine codons are GC-poor (AA& 
AAG) whereas arginine codons are GC-rich (CGN, 
AGA, AGG). However, mature cytoplasmic and 
extracellular proteins from Streptomyces contain 
about the same percentages of Lys (3%) but only 
6-7% Arg (not shown). Possibly, Arg can func- 
tionally replace Lys in signal peptides but not with 
equal ease in the mature parts of proteins. 
Nevertheless, the excessive lengths of the Arg- 
rich n-regions from Streptomyces could be an in- 
dication that Arg may be in some sense less ‘effi- 
cient’ than Lys in signal peptide n-regions, making 
it necessary for these regions to be longer and/or 
more highly charged. We have tested this idea by 
comparing n-regions from eukaryotic signal pep- 
tides that contain only Arg but no Lys (108 se- 
quences) with those containing only Lys but no 
Arg (100 sequences). Indeed, the former group 
tends to have longer (mean length 5.7 residues, 
p < 10e4) but not more charged (mean net charge 
+ 1.2) n-regions than the latter (3.2 residues, 
+ 1 .O) (fig.3). The Arg-containing n-regions also 
have a higher content of Pro than the Lys- 
containing ones (10% vs 1070, p < 10m4); the same 
is true for n-regions from Streptomyces compared 
to n-regions from other bacterial species (12% vs 
I%, p < 10w3). Thus, when Arg is the only 
positively charged residue, it tends to be part of a 
rather long, possibly unstructured, n-region. 
Signal peptides from bacteria other than Strep- 
tomyces rarely have n-regions totally lacking Lys 
residues (none of these sequences listed in table 1 
lack Lys in this region; also, out of the 59 E. coli 
sequences analyzed here, only 7 lack Lys in their n- 
region. Conversely, 8 out of 13 Streptomyces 
signal peptides contain Arg but no Lys; none con- 
tains Lys but no Arg). 
A clear understanding of the differences in the c- 
regions is especially important when secretory pro- 
teins are expressed in foreign hosts. Although the 
( - 3, - I)-rule seems to be valid for all organisms, 
more than one site compatible with this rule often 
exists in the vicinity of the normal cleavage site. It 
is therefore interesting to note that ‘aberrant’ 
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Fig.3. Length and net charge (= FZA~* + ~~~~ - flAsl, - ~GI,,) distributions for the n-regions of eukaryotic signal peptides that contain 
lysine (shaded bars) or arginine (unfilled bars) as the only positively charged residue. 
cleavages have sometimes been found when signal 
peptides from Gram-positive bacteria have been 
expressed in E. coli. Thus, when a-amylase from 
Bacillus stearothermophilus was expressed and 
secreted by E. coli, a large fraction (40%) was in- 
correctly processed [ 121. The aberrant cleavage 
took place three residues to the amino-terminal 
side of the normal cleavage site. This is what we 
would expect from the data presented here, namely 
that E. coli signal peptidase I seems to cleave 
preferentially six residues after the end of the h- 
region, whereas the corresponding proteases in 
Gram-positive bacteria seem to prefer a slightly 
longer distance from the h-region (7-9 residues). 
Another example is provided by the major outer 
membrane lipoprotein from E. coli, which is nor- 
mally cleaved by signal peptidase II. A mutant 
lipoprotein signal peptide that is not recognized by 
this peptidase is nevertheless cleaved by signal pep- 
tidase I when expressed in E. coli and yeast; 
however, the cleavage in yeast takes place four 
residues upstream of the E. coli cleavage site [13]. 
Generalizing from these examples, we anticipate 
that some eukaryotic signal peptides will be found 
to be cleaved downstream of their natural cleavage 
site when expressed in bacterial, and in particular 
Gram-positive, hosts. 
A phenomenon of considerable biotechnological 
interest has recently been shown to be caused by 
the use of a heterologous ignal peptide [ 191. When 
the signal peptide from staphylococcal protein A 
444 
was used to secrete proteins in E. coli, the mor- 
phology of the host cell was affected and 
periplasmic proteins leaked out to the growth 
medium [15,19]. A similar ‘leaky’ phenotype of 
the host cell has also been observed when other 
Gram-positive proteins have been expressed and 
secreted in E. coli ([14,16-181; Nygren, P.-A., per- 
sonal communication). Whether this effect was in 
all cases caused by the foreign signal peptide is 
unknown. In the light of the results presented 
above it is, however, tempting to suggest hat this 
phenomenon is caused by a ‘mismatch’ between 
the signal peptide and the E. coli translocation 
machinery, resulting in a pleiotropic secretion 
defect with secondary effects on the structure of 
the outer membrane. 
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